The high-pressure behavior of alumina has been investigated by first-principles computations throughout the range of calibration of the ruby pressure scale. It is found that at 0 K the transformation from corundum to Rh 2 O 3 ͑II͒-type alumina at 87-113 GPa is followed by a second one to the CaIrO 3 structure at 150-172 GPa. Quasiharmonic free-energy calculations show that both transformations display negative Clapeyron slope, which is a consequence of the decrease in polyhedral connectivity along the structural sequence. Like the first transformation, the second one should also have significant effects on the ruby pressure scale, especially if ruby is cycled across the phase boundaries.
Alumina is a model ceramic material with important applications in high-pressure science. It serves as window material in dynamic shock-wave experiments and when doped with chromium, makes ruby, a mineral whose fluorescence lines' frequencies are useful as pressure calibrant in diamond-anvil-cell experiments. [1] [2] [3] [4] Alumina is also an important mineral component in earth's mantle. In the lower mantle, it appears to be incorporated almost entirely in MgSiO 3 perovskite, the major earth-forming phase with insignificant amounts of free alumina expected to exist.
The structural behavior of alumina under pressure has been a matter of great concern for it can affect, directly or indirectly, the frequency pressure relation of the ruby pressure scale. One major phase transformation from corundum to the Rh 2 O 3 ͑II͒ structure was theoretically predicted [5] [6] [7] and experimentally confirmed to take place at ϳ100 GPa in combined high-pressure, high-temperature experiments. 8, 9 The phase boundary for this transformation has not been constrained yet but temperature is evidently a key factor for overcoming kinetic hindrances associated with this transformation. 8, 9 This transformation should also destabilize this mineral component in MgSiO 3 perovskite in the lower mantle and perhaps have significant consequences for the mineralogy of the lowermost part of this region. A second transformation from the Rh 2 O 3 ͑II͒ structure to Pbnm perovskite was also predicted theoretically to occur above ϳ223 GPa ͑Ref. 7͒. Here we show by first-principles computations that alumina in the MgSiO 3 structure transforms to the CaIrO 3 structure at 150ϳ 170 GPa, eclipsing entirely the perovskite phase. Using quasiharmonic ͑QHA͒ free-energy calculations coupled with first-principles vibrational densities of states we also determine the phase boundaries for both transformations.
The structural sequence from corundum to Pbnm perovskite is reminiscent of hematite, i.e., Fe 2 O 3 in the corundum structure. Hematite undergoes a phase transition at 30 GPa to what today appears to be the Pbnm perovskite structure, 10 even though the diffraction patterns of Pbnm perovskite and of Rh 2 O 3 ͑II͒ structures are very similar, 9 and for some time hematite was thought to transform to the Rh 2 O 3 ͑II͒ structure. 11, 12 MgSiO 3 also has a similar structural sequence from corundum-type ilmenite to Pbnm perovskite, the major earth-forming phase. Recently, a new polymorph with the CaIrO 3 -type structure ͑Cmcm symmetry͒ has been shown experimentally and theoretically to occur after Pbnm perovskite in MgSiO 3 at pressure and temperature ͑P,T͒ conditions similar to those expected near the core mantle boundary ͑ϳ120 GPa and ϳ2500 K͒ ͑Refs. 13-16͒. This postperovskite transition has recently been reported or predicted in other compounds 17, 18 including Fe 2 O 3 with a transition pressure of 50 GPa ͑Refs. 10 and 19͒.
Our computations have been performed within the localdensity approximation ͑LDA͒ ͑Refs. 20 and 21͒ and the generalized gradient approximation ͑GGA͒ ͑Ref. 22͒. The Troullier-Martins pseudopotentials 23 for Mg, Si, O, and Al have already been extensively tested. 14, [24] [25] [26] The plane-wave cutoff was chosen as 70 Ry and the Brillouin zone was sampled on 4 ϫ 4 ϫ 4 ͑10 points͒, 4ϫ 4 ϫ 4 ͑4 points͒, 4 ϫ 4 ϫ 2 ͑4 points͒, and 4 ϫ 4 ϫ 2 ͑6 points͒ Monkhorst-Pack mesh 27 for corundum, Rh 2 O 3 ͑II͒, Pbnm perovskite, and Cmcm CaIrO 3 structures, respectively. Structures were optimized using damped variable-cell-shape molecular dynamics. 28 The effects of using larger cutoff and k points on the calculated properties are found to be insignificant. Phonon calculations were performed using density-functional perturbation theory ͑DFPT͒ ͑Ref. 29͒. The Brillouin-zone sampling for phonon states was computed on 6, 8, 8, and 6 q points for corundum, Rh 2 O 3 ͑II͒, perovskite, and CaIrO 3 structures, referred to as postperovskite from now on, respectively.
The four crystal structures relevant to alumina, hematite, and MgSiO 3 are shown in Fig. 1 . They can be grouped in two pairs of distinct types: ͑a͒ corundumlike and Rh 2 O 3 ͑II͒ structurelike, and ͑b͒ perovskite and postperovskite. Type ͑a͒ structures are energetically favored at low pressures. Their cation polyhedra are all of the same type, octahedra, and have similar sizes. Type ͑b͒ structures are energetically favored at higher pressures. These structures have two distinct cation polyhedral types, octahedra for the smaller cations and eightfold-coordinated polyhedra for the larger ones. The degree of polyhedral connectivity is larger in type ͑a͒ structures than in type ͑b͒: in corundum the octahedra share faces, in Rh 2 O 3 ͑II͒ type, the octahedra share edges, in perovskite the octahedra share only corners, and in postperovskite the octahedral network is no longer connected. It breaks into octahedral planes. Type ͑b͒ structures are therefore less rigid and more adaptable to pressure. They compress not only through bond length reduction and polyhedral distortions but also through more extensive octahedral rotations. The postperovskite structure's compression mechanism is actually very anisotropic. 25 Figure 2 shows the relative enthalpies of Al 2 O 3 and MgSiO 3 in these structures. The energetic relations between structural types ͑a͒ and ͑b͒ are quite striking. At low pressures alumina stabilizes simultaneously both structures of type ͑a͒ with respect to type ͑b͒. The latter stabilizes at considerably higher pressures. In contrast, in MgSiO 3 , type ͑b͒ structures are more stable almost throughout the entire pressure range. This happens because type ͑a͒ structures favor similar cations and type ͑b͒ favor dissimilar ones by virtue of their polyhedral types. Corundum-type MgSiO 3 , i.e., ilmenite, is still energetically favored with respect to type ͑b͒ structures in a small pressure range at low pressures but the Rh 2 O 3 ͑II͒ structure does not have a stability field. It is only metastable above ϳ60 GPa ͑static LDA͒. Below this pressure it is unstable. The transitions to perovskite and postperovskite occur, respectively, at ϳ24 ͑Ref. 24͒ and ϳ98 GPa ͑Ref. 14͒ in static LDA calculations. In contrast, in alumina it is the perovskite phase that does not have a stability field. Besides, it is unstable below ϳ110 GPa. In static calculations the corundum to Rh 2 O 3 ͑II͒ transition takes place between 87 and 113 GPa while the latter transforms directly to postperovskite between 150 and 172 GPa, the lower and upper bounds being given by LDA and GGA exchange and correlation functionals, respectively. The static LDA and GGA values of the second transition have recently been reported to be 156 and 153 GPa, respectively. 30 Although the structural sequences with pressure are distinct in alumina and in MgSiO 3 , in both cases the degree of polyhedral connectivity decreases along the sequences. Calculated equations of states for alumina polymorphs at 300 K are in good agreement with experiments 8,9,31 ͓Fig. 3͑a͔͒. Differences between previous calculation 30 and our results are likely to have been caused by the use of different pseudopotentials. The volume reductions in the first ͑87 GPa͒ and second ͑150 GPa͒ transitions are 2.0% and 2.8%, respectively.
Analyses of polyhedral volumes lend insights into the influence of alumina on the important postperovskite transition in MgSiO 3 within earth's lower mantle. This transformation is of fundamental geophysical significance. 34, 35 A displacement of the phase boundary by ϳ20 GPa can prevent this transition from happening in earth. Figure 3͑b͒ shows that the polyhedral volumes of alumina and MgSiO 3 are more similar in size in the perovskite than in the postperovskite phase. This implies the coupled substitution of Mg and Si by two Als should induce less stress in the perovskite than in the postperovskite phase. Therefore, alumina should destabilize less the perovskite than the postperovskite phase of MgSiO 3 . This has two consequences: ͑a͒ Throughout the postperovskite transformation in aluminous MgSiO 3 , aluminum should partition more favorably in the perovskite phase in the two phases region. ͑b͒ The postperovskite transition should complete at higher pressures in solid solutions containing small amounts of alumina, as already reported. 36, 37 Another manifestation of this polyhedral volume effect can also be seen in Fig. 2 . The postperovskite transition occurs at 98 GPa in MgSiO 3 while the postperovskite enthalpy crossover in alumina takes place at ϳ110 GPa. This implies the solid solution should have a transition pressure a little higher than 98 GPa.
The calculated phase boundaries in alumina are shown in Fig. 4 . They have not been constrained experimentally yet and should be particularly important for improving our understanding of the ruby pressure scale. Both transformations have negative Clapeyron slopes ͑dP / dT = ⌬S / ⌬V͒, meaning the vibrational entropy increases across the phase transitions. As argued already in the case of the ilmenite to perovskite transition in MgSiO 3 , that also has a negative Clapeyron slope, the increase in entropy along a transition like this is related to the reduction of polyhedral connectivity. 24 The vibrational density of states of less connected polyhedral networks have their centers of mass shifted to lower frequencies due to the introduction of softer polyhedral oscillation-type modes. This is one of the changes in properties, among others, that have been identified as sources of increasing entropy across phase transitions. 38 The lower average phonon frequency of the high-pressure phase also decreases zero-point motion energy across the transition. Therefore, the transition pressures at 0 K is smaller than the static values. 24 These phase boundaries should be kept in mind when ruby is used as a pressure calibrant. ͑1͒ Alloying alumina and Cr 2 O 3 , chromia, which also undergoes the corundum to Rh 2 O 3 ͑II͒ phase transition at lower pressures, 39, 40 should lower the transition pressure of ruby's first transition. ͑2͒The optical properties of ruby change considerably across the first phase transformation, particularly the frequency of the absorption lines. 41 The fluorescence lines are much less sensitive. ͑3͒ An indirect effect is also well known: ruby cycled across the first phase transformation retains changes in the local environment of chromium, producing a redshift in the fluorescence lines corresponding to a fossilized pressure ͑ϳ5 GPa when ruby is cycled to 136 GPa and laser heated͒. 9 The new Rh 2 O 3 ͑II͒ to postperovskite transition should produce no less significant additional effects. Chromium should partition preferentially into the large A site of postperovskite which has even lower symmetry. The presence of 3 -5 % mol of chromia may affect the second transition pressure as well; however, it is unclear how at the moment, since no postperovskite transition has been found yet in chromia.
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